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Abstract. We performed systematic AC susceptibility and magnetic moment
measurements to investigate the vortex dynamics and pinning in the EuRbFe4As4
single crystal as a function of temperature, frequency, and DC magnetic field. The
vortex solid-liquid line was determined and it fits well with H(Tp) = H0(1− tp)β using
β=1.74-1.91, for H ‖ ab. It indicates a rather high pinning strength of the vortex
system. The activation energy U0 was determined from thermally activated flux creep
theory and reached 6700 K at low fields, suggesting strong vortex pinning. A field
dependence of U0(H ‖ ab) ∼ Ha with a = 0.47 suggests thermally activated plastic
pinning or caused by planar defects. Magnetic moment measurements also confirmed
strong pinning in a EuRbFe4As4 superconductor and the superconducting response
gives the main contribution to the M(H) hysteresis. Additionally, we found evidence
of long-range magnetic interactions in Eu2+ sublattice and the FM-like nature of Eu2+
atoms ordering.
Keywords: vortex glass, superconductivity, iron-based superconductors, vortex pinning,
phase transition
1. Introduction
Recently, a novel family of Fe-based superconductors (SC) was discovered, known
as 1144-type (AeAFe4As4, where Ae = Ca,Sr,Ba,Eu and A = K,Rb,Cs) compounds
[1]. The 1144 family exhibits intriguing and distinctive properties and has gained
interest in the field of high-temperature superconductors. The self-doped AeAFe4As4
compounds possess a tetragonal structure (P4/mmm), where Ae and A layers form
two inequivalent ThCr2Si2 structures [1]. In contrast to 122 superconductors, Fe-
As bonds have a different length between the As atoms and the Fe plane. The 1144
superconducting compounds show critical temperature in range Tc = 24−36 K [1–4] and
have estimated upper critical fields from 92 T [5] up to 250 T [6]. Various transport,
thermal, and thermodynamic experiments on 1144 systems show the absence of any
structural transition [7]. However, in the case of EuRbFe4As4, bulk superconductivity
with Tc ∼ 36 K coexists with the Eu2+ spin localization, which leads to magnetic
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ordering at Tm ∼ 15 K. Therefore, EuRbFe4As4 was found to be a ferromagnetic (FM)
superconductor with Eu2+ ordering within the ab plane [8,9]. However, such features can
only be observed in the magnetic measurement data that indicates a spatial separation of
the magnetic and superconducting regions [10]. In contrast to Eu-1144 superconductor,
the related 122-type compound (EuFe2As2) has the anti-ferromagnetic ordering which
competes with the superconductivity. This exotic but distinctive behaviour in the 1144
system is encouraging the scientific community to bridge the knowledge gap in similarly
unusual superconducting systems. To date, there are a little data concerning vortex
dynamics, pinning and the irreversibility line behaviour in EuRbFe4As4 (Eu-1144)
superconducting compounds.
2. Experimental details
EuRbFe4As4 single crystals were grown using the self-flux method, as was done for Ni-
doped Ba-122 [11,12]. The initial high purity components of Eu (99.95%), Rb (99.99%)
and preliminary synthesised precursor FeAs (99.98% Fe + 99.9999% As) were mixed
with 1:1:12 molar ratio. The mixture was placed in an alumina crucible and sealed
in a niobium tube under 0.2 atm of residual argon pressure. The sealed container
was loaded into a tube furnace with an argon atmosphere to suppress the alkali metal
evaporation. Next, the furnace was heated up to 12500C, held at this temperature for
24 h to homogenize melting, and then cooled down to 9000C at a rate of 20C/h. At this
temperature, the ampoule with crystals was held for 24 h, for growth defects elimination,
and then cooled down to room temperature inside the furnace. Finally, crystals larger
than 5x5 mm2 in the ab-plane were collected from the crucible in an argon glove box.
These crystals are shown in the inset of Fig. 1. It is clearly seen that the cleaved surface
of the EuRbFe4As4 single crystal is smooth and clean. All samples were covered by
parafilm to prevent oxidation and put into containers with an argon atmosphere.
Single crystal quality was examined by complementary methods. The chemical
composition of the 1144 crystals was studied by a JEOL 7001F scanning electron
microscope (SEM) with an INCA X-act EDS attachment. Data from several points were
averaged to improve measurement accuracy. Elemental analysis in mapping mode points
out a uniform distribution of the elements. We found that the chemical composition
of our studied single crystal was Eu1.26(2)Rb0.84(2)Fe4.00(5)As4.01(5). Excess of Eu atoms
shows a presence of about 15% EuFe2As2 phase, which naturally explains stoichiometric
ratio distinction. AC susceptibility and magnetic moment measurements were performed
using the Quantum Design PPMS-9 system. AC magnetic susceptibility measurements
were carried out in field-cooled (FC) conditions, with Hac =1 Oe and external magnetic
field (H ‖ ab) up to 9 T. The frequency (f) of Hac was varied from 33 to 9777 Hz. DC
susceptibility and M(H) measurements were done with vibrating sample magnetometer
(VSM). During the DC susceptibility measurement the sample was initially cooled down
to 2K in the absence of the magnetic field (ZFC procedure). At 2K a magnetic field of
10 Oe was applied, and the sample was then heated to 40K. In the case of field cooled
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Figure 1. (Left) Temperature dependence of the DC ZFC (zero-field cooled) and FC
susceptibility in an external field of 10 Oe applied along the ab axis. (Inset) Picture of
the EuRbFe4As4 single crystals over a millimeter grid.
(FC) procedure the sample was cooled down to 2K in the presence of 10 Oe magnetic
field.
Fig. 1 shows the temperature dependence of DC susceptibility for the EuRbFe4As4
single crystal along the ab plane. We define the critical temperature of the
superconducting transition Tc (Tc = 34.8 K) using the onset criteria. The Tc of the
Eu-1144 sample is slightly lower than one reported in ref. [13]. The decrease in Tc can
be explained by the existence of a Rb deficiency (self-doping), which leads to extra
hole-like charge carriers and induces a non-optimal doping regime in the sample [8]. A
magnetic feature at roughly Tm = 14K was observed and, as previously mentioned, is
related to the magnetic ordering [3, 14]. We also found a small sign of the Eu-122 non-
superconducting phase that always accompanied 1144 phase during the crystal growth.
For instance, the small feature in Fig.1 at the temperature of about 19K (T∗) indicates
antiferromagnetic Eu2+ ordering in Eu-122 [15].
The initial crystal (see Fig.1) was divided into two parts. We used smaller
rectangular-shaped single crystal (S1) with dimensions of about (a × b × c) 1.12 mm,
0.65 mm, and 0.12 mm. Another part was investigated by SEM and used in other
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experiments.
3. Results and discussions
After the synthesis, we investigated stability of the crystals in the open air. For this
purpose, we take crystal (S2) from an argon glove box and exposure it during 1 h
in the air. It was found that EuRbFe4As4 single crystals become tarnished after air
exposure. The surface is covered by a visible rainbow-coloured film. Repeated AC
susceptibility measurements (H ‖ ab) of S2 before and after air treatment shows a
reduction of the superconducting phase. The same crystal degradation was observed for
other samples. Following electron microscope investigation of Eu-1144 single crystals
showed clear oxidation up to 10 microns depth in areas with an excess of rubidium
on the crystal surface. Cracked exfoliated layers on the surface are observed as well.
A possible explanation is that the presence of rubidium on the crystal surface leads
to rubidium hydroxide formation and subsequent reactions with the underlying crystal
layers. At the same time in the surface regions with a lack of rubidium or its absence,
the reaction does not occur and the surface keeps smooth. The pure EuFe2As2 showed
no signs of degradation (see supplementary material).
Before investigation of the vortex pinning matter in Eu-1144, it is necessary to
discuss the interaction between the magnetic and superconducting layers. To date, it has
been shown that the Eu2+ layers and superconducting condensate exhibit quasi-isolated
behaviour. The facts confirming the weak interaction between the superconducting
region and the Eu2+ layers in EuRbFe4As4 are as follows [9]: i) It was shown that
magnetic vortex density did not change much during the Eu2+ ordering. ii) Magnetic
ordering can only be observed within the ab plane. iii) Europium replacement for non-
magnetic calcium only leads to magnetic ordering suppression, but superconducting
transition curves remain almost unchanged. iv) Europium atoms in the crystal structure
are spatially isolated from superconducting layers. Thus, we believe it is possible to
examine the Eu-1144 superconducting state with minimal distortion induced by the
Eu2+ layers.
Fig.2 displays an example of AC susceptibility measurements in DC fields up to 9
T with Hac =1 Oe at a frequency of 1333 Hz. From AC susceptibility measurements,
one can found the Eu2+ magnetic ordering has shifted from 14K to about 5K in 1T
field applied. AC susceptibility data at frequencies above 1333Hz show a slight kink
of Eu2+ ordering at temperature of about 2K in 3T. Low-frequency data didn’t show
any features at the 3T curve. Despite our 33Hz data is quite noisy, the main features
remain. For better perception we excluded plots of the 33Hz curves from following
pictures but one could find the 33Hz and some other AC susceptibility measurement
data in supplementary materials. Experimental data shown in Fig. 2 were used to
build H2(T ) and Hm(T ) phase diagram. The Hc2(T ) line was found from the AC
susceptibility data using the onset criteria and Hm(T ) was found as the peak position of
Eu2+ magnetic ordering. As shown in Fig.3 frequency-independent (f=133Hz-9777Hz)
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Figure 2. Temperature dependence of in-phase and out-of-phase AC susceptibility
for H ‖ ab at various applied magnetic fields, with Hac =1 Oe and frequency f=1333
Hz.
peaks are observed in both the dispersive (χ′) and dissipative (χ′′) parts of the AC
susceptibility. Frequency-independent behaviour of the maximum on the real part of
the AC susceptibility indicates a long-range magnetic interactions [16]. The presence of
χ′′ component is the evidence of non-AFM, but FM-like ordering of the Eu2+ atoms [17].
However, the plot of χ′′ shows that peak maximum shifts to a lower temperature (about
2K) compared to the χ′ maximum.
Vortex dynamics and pinning were also investigated by the AC susceptibility
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Figure 3. The frequency dependence of in-phase (real) and out-of-phase (imaginary)
AC susceptibility for H ‖ ab at zero magnetic fields, with Hac =1 Oe.
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measurements [18–21]. The AC susceptibility data (χ′ and χ′′) can be interpreted using
the theory of thermally activated flux motion and collective vortex pinning, based on the
assumption that magnetism of Eu-1144 has weak influence on superconductivity. It is
known that at sufficiently low frequency (and low AC amplitude), the AC susceptibility
data could provide information about the vortex solid-to-liquid phase transition. This
restriction is caused by a significant dependence of Tp peak position on AC field
frequency and amplitude in the χ′′(T ) data. When the AC field frequency is lowered,
Tp shifts towards lower temperatures due to current density loss compensation during
relaxation [20]. In case the DC field increases, the transition in χ′(T ) and χ′′(T ) moves
to lower temperatures and the peak height increases to a certain value and remains more
or less constant for further increasing DC magnetic fields.
With this consideration, we carried out systematic AC susceptibility measurements,
varying the measurement frequency f to determine the phase transition line. The peak
values (Tp) on the imaginary part (χ
′′) of AC susceptibility were determined using
the criteria detailed in ref. [19]. Fig. 4(a) presents χ′′(T ) AC susceptibility data for
various frequencies near the superconducting peak region. The Tp values at various
frequencies were determined and Tp(H) graph is shown in Fig. 4(b). The Tp(H) data
can be approximated with the formula: H(Tp) = H0(1− tp)β, where tp = Tp/Tc and the
exponent β provides information about the vortex pinning strength [22, 23]. We found
that in Eu-1144, β varies from 1.74 at f = 33 Hz to 1.91 at f = 9777 Hz. Similar
behavior was also reported for K0.8Fe2Se2 [20] and FeS1−xSex [23]. In melt-textured
single-domain cuprate superconductors (Gd-Ba-Cu-O) a variety of β values have been
interpreted within the framework of the flux diffusion model [20]. However, the true
nature of this phenomenon in iron-based superconductors is still under discussion. The
irreversibility line (Hirr(T )) was obtained from extrapolation of 1/Tp(H) vs f data,
down to low-frequency lnf=0 (1 Hz), as shown in Fig. 4(c) [20].
According to the theory, the AC susceptibility response in the vortex liquid region
mainly arises from the thermally activated vortex jumps between metastable states of
the vortex lattice [24]. In the vortex-solid state, the flux lines have to additionally
overcome the pinning potential wells, and a thermally activated flux creep is observed.
The main parameter that governs the vortex motion is the effective pinning barrier U0,
which is described, within the thermally activated framework, by the expression [19,25]:
1
Tp(f)
= − 1
U0(H)
ln(
f
f0
).
This approximation implies that 1/Tp depends mainly on the U0 parameter, playing
the role of an effective de-pinning energy barrier in the thermally activated flux creep
model. Characteristic frequency parameter f0 is associated with the motion of vortices
(vortex hopping) around their equilibrium position (1010 − 1012 Hz) [24].
In Fig. 4(d) one can observe the U0(H) data. Effective value of the pinning barrier
reaches 6700 K at low fields, which is similar to reported values of other iron-based
superconductors: SmFeAsO0.8F0.2 (∼ 5×104K) [18], Ba0.72K0.28Fe2As2 (∼ 104K) [26],
BaFe1.9Ni0.1As2(∼ 104K) [21], FeS(∼ 5× 103K) [23] and FeTe0.5Se0.5 (∼ 104K) [27].
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Figure 4. a) Temperature dependence of the out-of-phase AC susceptibility with H ‖
ab at H = 9 T at various frequencies. b) The Tp obtained at various frequencies and
magnetic fields. The dashed lines are fitted using H(Tp) = H0(1− tp)β for 33 Hz and
9777 Hz datasets, respectively. c) Logarithmic f dependence of 1/Tp (Hac = 1 Oe) at
various magnetic fields. The red line is the best-fit function according to Eq. 2. d)
Field dependence of the activation energy U0(H).
The U0(H) dependence shows at least two regimes with a crossover of roughly 0.1T.
Theory predicts that a low field region is associated with a single-vortex pinning regime.
At higher magnetic fields a power-law dependence U0 ∝ H−a may be observed. We
found U0(H) follows an H
−0.47 dependence at magnetic fields above 0.1T. However,
collective pinning with U0 ∼ H−1 is not the case. Another possible pinning mechanism
here, considering U0 ∼ H−0.47 at H > 0.1T , is might be flux pinning due to the planar
defects [28]. According to very recent TEM observations in CaK-1144 the presence of
planar defects along the ab plane was found [29]. Given a similar synthesis method
(FeAs flux), our EDX data and the same structure of EuRbFe4As4, it can be assumed
that in our case EuFe2As2 layers will act as planar defects. However, unlikely to CaK-
1144, in Eu-1144 intergrowths are regarded as non-SC planar defects. This fact explains
features absence in Jc ‖ ab curves at low fields compared to CaK-1144 [29].
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Figure 5. (a)Isothermal magnetization hysteresis loops for Eu-1144, as a function
of magnetic field (up to 9 T) with H ‖ ab. (Inset) Low field magnetization loops for
temperatures above and below Tc. (b) Calculated magnetization curve of the Eu
2+
sub-lattice of the Eu-1144 superconducting sample.
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We also investigated Eu-1144 with isothermal magnetization measurements M(H),
presented in Fig.5a. All magnetization hysteresis loops M(H, T) data were collected
with the magnetic field parallel to the ab axis, the sweep rate was 100 Oe/s. In the
inset of Fig.5a the magnetization loops at 2, 19 and 40K at low fields are shown. One
can see that magnetization measurement above the Tc shows no hysteresis, however, the
Brillouin-function-like curve is observed at 40 K. This non-linear behaviour of M(H) at
40K compared to ref. [6] might be due to the presence of the EuFe2As2 in the studied
sample. At 19 K the M(H) loop originates from the superconductivity of EuRbFe4As4.
Also the observed distortion is related to the paramagnetism. At lower temperatures
(T < 14K), the M(H) loops look like a combination of a ferromagnetic-like [8] and
superconducting response due to the flux pinning. Assuming that the Eu2+ signal is
small compared to the superconducting hysteresis and M(H) curves are symmetric, we
can extract the magnetization curve of the Eu2+ sublattice using a simple formula:
MEu = (M+ +M−)/2, where M+ and M− is the magnetization measured in increasing
and decreasing applied field, respectively [6]. The results are shown in Fig.5b, whereas
magnetization curves saturate at about 310 emu/cm3 at 2K, corresponding to 6.4µB/Eu.
The obtained value is slightly less than the calculated full moment of 7µB/Eu for
ferromagnetic alignment. The above results also indicate an FM-like transition at about
Tm = 14 K for EuRbFe4As4 compound. It should be noted that the EuFe2As2 phase
should not give a significant change in the overall magnetic moment of the Eu2+ atoms,
because the cell volume (184.5 vs. 201 A˚3 [10, 30]), number of Eu2+ atoms per unit
cell and magnetic moment along ab plane at low temperatures [15] are almost the same
compared to Eu-1144.
In general, there is a complex interplay between magnetism and superconductivity
in magnetic superconductors. It makes difficult to produce a quantitative estimate of
Jc. However, the qualitative aspect remains [31]. Therefore, we plot Jc(H) curves at
different temperatures using the Beans critical state model [32] in Fig.6a. According
to theoretical predictions Jc ∼ ∆M , where ∆M is the hysteresis loop width. At
temperatures above 20K there are no magnetic transitions, which may give significant
contribution to the M(H) loop width, and therefore to the ∆M value. The EuFe2As2
ferromagnetic ordering at about 19K is rather small and saturates at about 1T (T=2K)
in field orientation along the ab plane [15]. In Fig.6a Jc(H) curve at 2K does not show
significant features at about 1T applied magnetic field. The same situation is observed
for the Eu-1144 compound. In case Eu2+ magnetic ordering gives a considerable
magnetic hysteresis, ∆M(H) data should show a noticeable field features below 1.5T at
2K. However, there are no considerable peculiarities on the ∆M(H) curve at H<1.5T.
Moreover, in the inset of Fig.6a the normalized Jc(T ) (H ‖ ab) data taken at 0T did
not show any changes up to 8K, and the Jc/Jc(0) vs. T/Tc curve in Eu-1144 is similar
to one for the 122 system without a magnetic transition [33]. The Jc(0) was evaluated
by Jc(T ) data fitting with formula Jc = Jc(0) ∗ (1 − (T/Tc)n)m [34], where n and m
are parameters. Given that the ∆M width did not vastly change above or below 15 K,
we could conclude that the superconducting response is the main contribution to the
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M(H) hysteresis. Thus, the influence of Eu2+ magnetic ordering on the ∆M values is
insignificant compared to SC signal even at low temperatures. Our results are consistent
with the assumption presented in ref. [6].
In order to clarify the pinning nature in Eu-1144, we plot ∆M versus H with log-log
scale at different temperatures, the result is shown in Fig. 6 (Bottom). At low fields,
typically about 100 − 350 Oe, Jc is independent on external applied magnetic field -
single vortex (SV) regime is observed. At higher magnetic fields, from 0.1-0.2T up to
1.5 T, the critical current follows a power law behavior Jc ∝ H−a with 0.55 < a < 0.68.
The a exponent values obtained in this work are in good agreement with the theoretical
prediction of H−5/8, which indicates strong vortex pinning [37]. Further increase of
the magnetic field leads to a rapid decrease in Jc related to changes in the vortex
dynamics [35,36].
To summarize our data we built the magnetic phase diagram of EuRbFe4As4 as
shown in Fig. 7. We have plotted temperature dependences of the characteristic fields
such as Hc2, Hirr and Hm. Above the upper critical field (Hc2) EuRbFe4As4 single
crystal is in a normal state (NS). Below the Hc2(T ) line vortices are in an unpinned liquid
state (VL). The irreversibility line Hirr separates a solid (pinned) vortex lattice/glass
(VS) and vortex liquid state.
Temperature dependence of Hm marks the crossover to a superconductor with
magnetic ordered Eu2+ layers (SC+M). We also estimate the Hirr(T ) values from
∆M data. One can see that in Fig. 5 the ∆M(H) curves have a similar shape.
Assuming the scaling of ∆M(H) vs. T we estimate Hirr using ≈ 1emu/g criteria
up to 10K. At lower temperatures the Hirr value increase is less than the increment of
the estimation error. The temperature dependence of Hc2, Hirr and Hm can be fitted
well by the simple functional form H(T ) = H(0)(1 − T/Tc)n, where n is an exponent.
From the interpolation of our experimental data, we obtain n = 1.38, Hirr(0) = 70 T
and n = 2.15, Hc2=135T. The obtained values of exponent n are similar to other Fe-
based superconductors [38, 39]. It is well known that a rough estimation of the Hc2(0)
values also can be obtained from dHc2/dT slopes near Tc, using the Werthamer-Helfand-
Hohenberg (WHH) formula. For single band SC Hc2(0) = −0.693dH/dT |Tc × Tc [40].
However, the WHH model as it was shown in direct high-field measurements gives an
overestimated value for 1144 superconducting family, especially at H//ab. Very recent,
direct high-field measurements in a CaNaFe4As4 superconductor (with the similar Tc
and structure), Tc = 35K, dH
ab
c2/dT ∼ −5T/K−1 and dHcc2/dT ∼ −10T/K−1 show
that upper critical field, in both cases, is less or about 100T [5]. Therefore Habc2 (0) real
values should be significantly lower than estimated from WHH 150T [2] and 250T [6].
Eu-1144 with the same structure and critical temperature should have similar value of
upper critical field. This was very recently demonstrated in direct high-field (up to 65T)
measurements [42]. Authors found the Hc2 values are in the range of 70-80 T. It was
also concluded that the Pauli limit prevails for H ‖ ab, but orbital limitation is more
prevalent for H ‖ c. Moreover, it was assumed that the 1144 compounds are a possible
candidate for the existence of the FFLO state [42].
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Figure 6. (a) Field dependence of Jc ∝ ∆M in the H ‖ ab for Eu-1144 sample.
Inset: The Eu-1144 and Ba-122 [33] normalized critical current Jc/Jc(0) vs. normalized
critical temperature (T/Tc) plot. The arrow shows the point just before Eu
2+ magnetic
ordering. (b) The ∆M curve is plotted in a double logarithmic scale for selected
temperatures. The dash lines show the power law plot B−n, where 0.55 < n < 0.65 is
expected for the strong pinning.
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Figure 7. Vortex phase diagram of the EuRbFe4As4 single crystal. The dashed lines
are plots using the empirical formula H(T ) = H(0)[1−T/Tc]n yielding n = 2.15, 2.05,
and 3.48 for Hirr, Hc2, and Hm. The NS, V L, V S and SC + M are normal state,
vortex liquid, vortex solid and coexistence of superconductivity with Eu2+ magnetic
ordering, respectively.
4. Conclusions
In summary, detailed AC susceptibility and magnetic moment measurements were
performed to study the vortex pinning and flux dynamics in EuRbFe4As4 single crystals.
We found evidence of long-range magnetic interactions in Eu2+ sublattice and possible
the FM-like nature of Eu2+ atoms ordering. Our estimation of the activation energy
from AC susceptibility data give us value about 6700 K at low fields. In DC fields
higher than 0.1 T, the U0 decays with H
−0.47, which is typical for thermally activated
vortex plastic motion. However, considering the layered structure of this material, with
EuFe2As2 non-SC intergrowths, flux pinning may be caused by planar defects. The
Jc∼ ∆M(H) data evidenced to strong vortex pinning in Eu-1144. Additionally, we
showed that Eu2+ magnetic ordering is shifted to 5K at fields about 1T. To summarize
the experimental data, we built the magnetic phase diagram of the EuRbFe4As4
superconductor and the upper critical field, irreversibility and Eu2+ magnetic ordering
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lines were found.
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